Abstract: A scaling approach allows reaching 270-W, 14.4-µJ, 330-fs (38 MW) from a KLM Yb:YAG thin-disk oscillator, the highest average power of any KLM-oscillator. Progress on applying this concept to the Yb:CALGO disk-medium is also reported.
Introduction
The high average power and pulse energy available from state of the art ultrafast laser systems enables many scientific as well as industrial applications [1, 2] . Specifically amplifier-free, high power MHz-repetition-rate oscillators have potential for drastically improving the signal to noise ratio for a wide range of experiments reducing both measurement time and uncertainties. Due to the Thin-Disk (TD) technology truly power scalable laser setups are realizable while the low thickness of the TD favors ultrashort pulses. Thus, with Yb:YAG SESAM-mode-locked TD oscillators average powers as high as 275 W and pulse energies of 80 µJ [3] were demonstrated yet with the relatively long pulse-durations typical for SESAM-mode-locking [3, 4] . These recent advances in energy and average power were bought at the price of moving the oscillator to vacuum, adding to complexity, size and cost of the system. In contrast Kerr-lens mode-locking (KLM) allows for the generation of near gain-bandwidth limited pulses and since the successful demonstration in TD-configuration [5] these oscillators could swiftly be shown to scale excellently in power and energy [6] while the shorter pulses generated with KLM are beneficial for further spectral broadening and compression outside the cavity. The main contribution to the intracavity nonlinearity in multi-MHz KLM-oscillators originates in the Kerr-medium (KM) such that the pulse-energy is not negatively affected by an air environment. In this work we present our most recent results in demonstrating the further scalability of the output power from a KLM oscillator in regular air. Implementation of a geometrical scheme for energy-scaling allowed surpassing our first results by a factor of 13 and 6 in pulse energy and average power respectively [5] .
Experimental setup
A 120 µm thin Yb:YAG TD (TRUMPF GmbH -pumped at 969 nm) is arranged for 4 reflections per roundtrip in a Z shape cavity (Fig. 1a ) . The such increased gain allows for an outcoupler transmission of 21%. Introducing an additional focusing section serves two purposes a) to provide a focus for the KM (1 mm Sapphire) and b) to shift the resonator to the edge of stability such as to increase the sensitivity of the mode to the Kerr-lens [7] . This shift can be provoked by changing the separation distance of focusing mirrors FM1 and FM2 ( Fig.1.a) . The necessary group delay dispersion (GDD) of up to -48000 fs² for soliton mode-locking (ML) is introduced by 8 reflections on high dispersive mirrors. ML can be started by mechanically perturbing a mirror. The use of a hard aperture eliminates the chance of optics damage from q-switch-like intensity fluctuations during pulse buildup. The peak-power and energy of the pulses are influenced by changing the mode-size in the KM. This is done by increasing the focal lengths of FM1 and FM2.
Results and discussion
Increasing the radius of curvature (ROC) of the focusing mirrors to -900 mm yields 270 W average power, corresponding to 14.4 µJ pulse-energy at 18.8 MHz repetition rate. The intensity-autocorrelation and spectrum traces indicate Fourier-limited 330 fs sech pulses (Fig. 2) giving evidence to pulses with a peak power greater than 38 MW extracavity and 183 MW intracavity. At his output-power the optical-to-optical efficiency is 36% while the M²-factor is better than 1.1, the RMS intensity fluctuations are 1% (1 Hz -1 GHz bandwidth). In contrast, varying only the GDD increases the pulse energy but leaves the peak power unchanged. With a larger hard aperture and the GDD reduced to -18000 fs² the oscillator delivers 127 W, 210 fs. Measuring the pulse energy for different ROC and estimating the mode-size in the KM via the ray-transfer matrix formalism yields a linear relation ∝ where the factor scales the mode-size in the KM. This linear scaling is not obvious from the soliton areatheorem but can be derived by solving the nonlinear Ginzburg-Landau equation for [8] . This geometrical energyscaling is possible due to the decoupling of Kerr and gain medium unlike in typical KLM oscillators. The difference between the high average intra-cavity power of 1.3 kW in ML laser operation and the lower power of 0.8 kW in CW causes different thermal lenses in the cavity-optics for CW and for ML modes. This difference in thermal lensing is strongly pronounced at the stability edge and reduces the strength of the Kerr-lens by making the cavity more stable, thus narrowing the mode-locked spectrum. By reducing the pump-intensity on the TD the effective thermal lens can be made negligible.
Progress on Yb:CALGO KLM oscillator.
In parallel to the development of the Yb:YAG oscillator described above another route implementing similar experiments but making use of the much more broadband material, Yb:CALGO, is in progress. An Yb:CALGO crystal mounted to a diamond heat sink has a doping concentration of 5% and a thickness of 200 µm. As a first step, the disk was tested in a simple multimode cavity consisting of one concave mirror with 1% transmission and the disk. Shifting the pump spot on the disk influences the efficiency in multimode operation, indicating some inhomogeneity in the crystal. Additionally the crystal shows many scattering centers and some "speckle" structure (see Fig.3a) . Even so the Yb:CALGO disk shows reasonable performance in multimode operation with a slope efficiency of 60% as shown in the Fig. 3b and optical to optical efficiency of 50%. It is also remarkable that no damage is observed at pump intensities around 6-7 kW/cm 2 despite the poor disk quality mentioned before. Moreover, the disk is pumped with Volume Bragg Grating (VBG) stabilized diodes at 976 nm which is suboptimal for efficient pumping of Yb:CALGO. The reported performance corresponds to the non-optimized multimode operation from [9] .
A 50 MHz X shape cavity similar to the one depicted in Fig 1. , but with FM1=FM2=f=150 mm and a single pass through the gain medium was built to test single mode CW operation. In this regime the output power was around 28 W at 190 W pump power and 3% output coupler transmission. Adding high dispersive mirrors with -1000 fs 2 GDD per reflection and a Kerr medium slightly reduces the efficiency and the output power. So far we were unable to start KLM in this particular configuration. This is in stark contrast to Yb:YAG KLM oscillators which can be mode-locked relatively easy at different GDD levels and different thicknesses of the Kerr medium. The main reason for the difficult pulse-buildup is attributed to the inhomogeneously broadened emission of Yb:CALGO compared to the homogeneously broadened Yb:YAG. This was found to play a crucial role in case of the Nd-doped glass oscillators in [10] . Moreover, recently KLM was demonstrated with an Yb:CALGO bulk oscillator [11] .
As auxiliary starter a small modulation depths (<0.1%) SESAM was tested and showed no influence on the starting behavior of the oscillator. Higher modulation depth SESAM (0.5-1%) were tested as well but due to frequent damage to these samples and the rather high non-saturable losses (0.5-1%), this route was abandoned.
In a next step the oscillator was set up for strong focusing into the Kerr medium with f=75 mm together with a thicker Kerr medium of 6.4 mm and a reduced amount of roundtrip GDD equal to -1000 fs². These measures helped to initiate pulse build-up but, were not sufficient for mode-locking in a stable steady-state condition.
Conclusion
Preliminary experiments on an Yb:CALGO KLM oscillator are reported. The main problem preventing the demonstration of KLM operation is related to the difficult start-up of the oscillator. Experiments to circumvent this problem by using an acousto-optical mode-locker as starter and (or) a piezo-actuated end mirror are in progress.
Implementing a geometrical method for pulse energy scaling we demonstrate a KLM Yb:YAG TD oscillator delivering 270 W average power and 14.4 µJ pulses with 330 fs duration in an air environment at 36% opt.-opt. efficiency. To the best of our knowledge this is the highest average power from a Kerr-lens mode-locked oscillator, underlining the power-scalability of KLM. Consequently following this approach should enable pulse energies in the 100 µJ range directly from KLM thin-disk oscillators.
